ADS-B provides convenient means of air traffic control (ATC) for its low cost and simple ground station hardware. In a low percentage of cases, aircraft positions transmitted via ADS-B are error prone due to e.g. faulty wiring with onboard navigation systems. In the proposed approach, direction of arrival (DOA) estimation is used to verify ADS-B airborne positions. The potential positioning error of ADS-B is thereby evaluated by comparing DOA estimates to DOA values calculated from ADS-B references and the sensor position and orientation. To prove the accuracy of the applied DOA estimation sensor, an additional measurement campaign using a dedicated measurement aircraft has been conducted. 
I . I N T R O D U C T I O N
During the last few decades a significant increase in air traffic is recognized. The high traffic load needs to be carefully coordinated by air traffic control (ATC) to satisfy rigorous security demands.
To provide high-quality ATC, its operators are depending on information gathered by radar sensors. Classic primary surveillance radar (PSR) approaches require a large number of expensive and energy consuming ground stations. In order to cut down the number of primary radar stations, the nondependent use of secondary surveillance radar (SSR) transponders for aircraft positioning is evaluated by ATC organizations.
The automatic-dependent surveillance broadcast (ADS-B) is based on the SSR Mode S protocol. Unlike a regular SSR system, which broadcasts radio telegrams mainly on prior request by ground stations, ADS-B uses spontaneous transponder broadcasts triggered randomly based on the Aloha-Protocol. Offering more information than just altitude and identification, ADS-B also transmits the carrying aircraft's position as it is gathered by its onboard navigation system. Additionally, ground speed, heading, and many other information are provided. As the number of aircraft equipped with ADS-B is rising (currently 65% of Mode S equipped aircraft [1]), the system becomes increasingly attractive to feed ATC displays.
According to field studies [2] , the most part of ADS-B transponders are broadcasting reliable positioning information, where positions' root mean-squared error (RMSE) is following a Rayleigh distribution with a mean value of around 250. This would on the one hand mean an acceptable error for monitoring en route traffic. On the other hand, there are some transponders that produce much larger errors. One possible problem leading to those large errors is improper wiring of the ADS-B transponder with the onboard navigation system or inertial measurement unit (IMU). This is one of the reasons why a standalone ADS-B solution without ground-based validation techniques is not considered reliable enough for ATC. Nevertheless, due to its immense cost the installation of PSR, SSR or multilateration is sometimes not economically justifiable. As shown in [3] , the risk of relying on a pure ADS-B system is taken in such a case by NAV CANADA at Hudson Bay.
The situation changes if the ADS-B ground station has the capability to cross-check the transmitted position with an independent measurement as shown in Fig. 1(a) . By using ADS-B ground stations with direction of arrival estimation capability, verification of ADS-B transmitted positions can either be done by a single or better by two linked ground stations.
In our previous work [4, 5] , subspace-based DOA estimation by multichannel receivers showed reliable estimates. In this contribution, the possible interaction of such a DOA sensor with an included ADS-B receiver is discussed. Therefore results gathered by field tests using ADS-B as well as by a dedicated measurement aircraft are compared. Finally, possible applications of such sensors at an existing ADS-B system as shown in [3] are discussed.
I I . D I R E C T I O N O F A R R I V A L E S T I M A T I O N
The principle of DOA estimation can be visualized by assuming a plane wave (far-field assumption) impinging on an array of antennas as shown in Fig. 1(b) . The antenna array is restricted to a uniform linear array (ULA) with half wavelength spacing to avoid ambiguities. The signals received from the four antennas show a characteristic phase offset between neighboring channels according to the impinging angle. Ideally, this phase offset is equal between all neighboring channels.
If the receiving channels provide complex signal detection by the application of IQ mixers, the resulting phase properties in between the channels can be used to estimate the DOA of the impinging signal. The receivers include A/D conversion to allow digital signal processing and the application of subspace-based DOA estimation.
The performance of multiple subspace-based DOA estimation approaches in SSR scenarios has been investigated in our previous work [5] . By the application of calibration methods based on eigenstructure analysis [6] , the performances of all ESPRIT and MUSIC variants become very similar. It is thus sufficient to evaluate the results gathered by NC Unitary ESPRIT [7] .
The antenna arrays used for the field tests are a halfwavelength spaced six-element monopole (see Fig. 2(b) ) and an eight-element planar ULA (see Fig. 2(a) ). Only the four inner elements of each array are used for reception, the remaining elements are terminated by 50 V to homogenize the single antenna characteristics. Those passive elements are needed even in the case of eigenstructure-based calibration (as applied here) because of fringe effects due to the finite array length. The terminated antenna elements lower the parasitic phase and amplitude differences between the reception channels, and that way improve the direction of arrival estimation precision.
A larger number of terminated elements are thus always favorable. This becomes obvious by comparing the results gathered by both the eight-element planar and the six-element monopole array in the following section.
Each of the four inner antenna elements is connected to a dedicated analog receiver frontend, which converts the 1090 MHz RF signal to an IF of 62 MHz. The resulting IF signals are band-pass filtered and fed to a four-channel, 50 MHz, 8-Bit digitizer card.
Digital signal processing such as IQ-demodulation and (matched) lowpass filtering is carried out in the digital domain on a PC. A quad-core processor and the concept of parallel computing are used to decode and process a maximum number of SSR telegrams.
The whole system is water-cooled, integrated in a weather resistant portable aluminum box and can be conveniently controlled by wireless LAN. A graphical user interface allows extensive sensor diagnoses for field testing, including a table of present aircraft, error histograms, and signal monitoring.
I V . M E A S U R E M E N T S

A) Scenario
In the following, two measurement campaigns are evaluated. One was conducted on the roof of a six-story university building, using ADS-B telegrams to compute a DOA reference. A total of 26 000 ADS-B airborne position telegrams were recorded with each of the planar and the monopole array. 
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Airborne positions decoded from the ADS-B replies are plotted in Fig. 3(a) , showing the angle and distance distribution of the positions relative to the DOA sensor. The position distribution is very similar to both the monopole and the planar array, so just the positions received by the planar array are shown. Due to the 8-Bit A/D-converter, the dynamic of the receiver is limited to around 48 dB. Still transponders at a distance of up to 200 were received.
A small selected part of 33 telegrams (Airborne Position Code TYPE ≤ 13) is singled out and applied to calibrate the DOA sensor in the angular range from 458 to 1358 based on the eigenstructure analysis.
The second measurement campaign was carried out at Adolf Würth Airport, Schwäbisch Hall, Germany. To evaluate the accuracy of the constructed DOA sensor, a dedicated reference aircraft (see Fig. 4(a) ) is used. This measurement aircraft is owned and operated by the Institute of Flight Guidance, TU Braunschweig. It is equipped with a Novatel OEM IV receiver and an iMAR iVRU-FC Inertial Measurement Unit (IMU). In the first step of post processing, the recorded GPS data are improved by differential corrections. In a following step, the GPS data and the data provided by the inertial measurement unit are merged, taking the lever arms between GPS antenna and IMU into account. The resulting reference track provides accuracy in the sub-meter range.
The gathered reference positions shown in Fig. 3 (b) are not ideally distributed over the angular range and the covered distance is smaller than the ADS-B campaign. The flight track consists mainly of several aerodrome circlings around the airport and then part of the aircraft track back to Braunschweig until connection is lost. The comparably small range is due to the low transponder power (70 W).
Nevertheless, 1170 Mode S telegrams were recorded and related to the aircraft position based on its time stamps. Again 33 telegrams were used for the eigenstructure calibration in the angular range from 458 to 1358.
B) Results
First, an analysis of ADS-B reliability information is conducted. Therefore the database of ADS-B replies recorded by the planar antenna array is considered.
The telegrams in this database were transmitted by a large mixture of different transponders. Not all of those transponders provide reliable positioning information. The standard for ADS-B [8] defines a number of reliability classes encoded in the airborne position TYPE code. With each of those classes a dedicated containment radius around the transmitted position is defined in which the real position needs to be located with a percentage of 95% (compare Fig. 4(b) ).
The database of recorded ADS-B telegrams contains TYPE [ [10-14, 17, 18] . The database is now sorted for TYPE-numbers and the RMSE of the differences between reference angles and DOA estimates is plotted versus the according TYPE in Fig. 5(a) .
The RMSE remains about equal and below 18 with all TYPE-numbers save TYPE [ [17, 18] , where the RMSE ascends to more than 38. As a correlation of low accuracy class and DOA RMSE is evident, those telegrams should not be trusted.
DOA error according to horizontal positioning error decreases with increasing distance, as can be anticipated from Fig. 4(b) . The computed RMSE should therefore decrease over distance. Thus, the database is sorted for distance by bins of 30 and the resulting RMSE of each bin is plotted versus the corresponding distance in Fig. 5(b) . As anticipated, a clear decrease of RMSE is observed with increasing distance when the whole database is regarded. If all telegrams with TYPE . 1 (a total of 16 000 telegrams remain) are excluded, the decrease in RMSE with increasing distance is much lower. At a distance of 135 km both curves meet, at an RMSE of 0.638. It needs to be mentioned at this point that outliers have a heavy impact on this result due to the RMSE computation. A large number of ADS-B positions may be very accurate and just a low number of erroneous transponders suffices to spoil the overall result.
Using this selected database with TYPE . 13, an error plot versus impinging angle can be computed as shown in Fig. 6(a) . By restricting the angular range by 458 to 1358, the histogram shown in Fig. 6(d) visualizes the according error distribution. The RMSE in this angular range computes to 0.98. The same analysis was applied on the database recorded with the sixelement monopole antenna array. By comparing the results The results gathered by using the measurement aircraft and the receiver equipped with the planar array are shown in Figs 6(c) and 6(f). Regarding the RMSE values versus DOA, a slightly smaller error is observed. Computing the RMSE from 458 to 1358 produces a value of 0.668 by evaluating 616 reference positions in this range.
V . A P P L I C A T I O N E X A M P L E : H U D S O N B A Y
With the DOA precision shown in the measurement results, pure DOA-based positioning will be very coarse in a wide area scenario. It thus might seem that multiangulation is restricted on small areas like airport approach or apron scenarios. In a wide area application, MLAT usually offers higher precision and requires lower receiver complexity (single channel receiver) of base station receivers. Still there are special scenarios, e.g. Hudson Bay, where DOA estimation can be advantageous. The area of surveillance is very large and can be approximated by a circle with a diameter of 900.
As receivers can just be placed around the bay and their range is limited to around 400 by earth curvature, a MLAT system would require a large number of receivers and suffer from high dilution of precision due to improper geometry. Unfortunately the base station receivers would need to be placed in very remote areas where maintenance and access to electricity are expensive.
In comparison with MLAT, multiangulation requires just a minimum of two ground stations (instead of three with MLAT) within reach of the transponder for successful 2-D positioning. The positioning precision given by two DOA receivers in this scenario is computed as shown in [9] for Fig. 7 with a DOA sensor RMSE of 0.58 and 0.18. While the precision with the low accuracy sensors (Fig. 7(a) ) can be approximated between 2 and 6, the high accuracy sensors (Fig. 7(b) ) would lead to a positioning accuracy between 750 and 2. To ensure that at least two ground stations simultaneously receive a transponder anywhere over Hudson Bay, eight ground stations would be needed. Each of those eight ground stations would need to cover at least 1808. A homogeneous DOA estimation accuracy as shown in the results can only be realized within908. One ground station would thus need to consist of two antenna arrays and multichannel receivers to get the accuracy shown in Fig. 7 . The proposed multichannel receivers additionally introduce the possibility to apply spatial filtering to reduce interference. In the case of e.g. superimposed ADS-B telegrams, degarbling can be largely improved as shown in [10] . 
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Compared to 22 ground stations needed for an MLAT system as evaluated in [3], a multiangulation system seems more feasible.
V I . C O N C L U S I O N
To show the potential of ADS-B receivers with DOA estimation function, two measurement campaigns were conducted. By evaluating a large number of ADS-B airborne positions and comparing the resulting reference DOAs with estimated DOAs, a clear correlation between accuracy class and DOA error was found. Depending on the aircraft distance, a cross-check between DOA estimate and ADS-B position can thus gather valuable information regarding ADS-B reliability.
By a dedicated reference aircraft, the potential of the constructed DOA sensor to resolve DOA down to an RMSE of 0.668 has been proven. Higher accuracies are theoretically possible. It has been shown that additional terminated antenna elements increase the DOA accuracy by homogenizing single antenna characteristics. Besides adding more antenna elements, dynamic increase by using a higher resolution A/D-converter would provide the means to increase estimation precision as well. Approaching DOA estimation accuracies in the range of 0.18 will additionally need careful arrangement and sturdy construction of the antenna array. The application of averaging over multiple replies and tracking algorithms will be able to further increase the precision providing a suitable cross check for ADS-B.
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